Abstract: "Universal access to electricity" is proclaimed as the seventh sustainable development goal (SDG 7) of the United Nations (UN) Sustainable Development Goals list. The achievement of this goal will result in a rapid diffusion of energy technologies that would in turn increase materials stocks, subsequently increase the raw material demand as well as the arising waste flows. This study describes a methodological framework to assess in-use stocks of off-grid solar products and electrical and electronic equipment (EEE) for rural communities in developing countries. The methodology is based on energy-access data. Furthermore, the specifics of the characteristics of off-grid solar products are discussed. The methodology is applied to rural Bangladesh and its solar home system (SHS) program. By the end of 2016, around 4.1 million SHSs were installed. This type of access to electricity has a significant impact on the in-use stocks, as households add the comparatively heavy SHSs to their in-use stocks. In-use stocks of EEE, in general, are low. Off-grid solar products are lighter than standard EEE, and fewer products types are available. These findings will help to better understand material stocks and future waste flows in the given context and will support the adaption of recycling infrastructures.
Introduction
In 1878, Thomas Edison demonstrated an incandescent light bulb, imagining that electricity will be so cheap that only the rich will burn candles [1] . Yet, Edison's dream has not materialized for the 1.06 billion people who do not have access to electricity [2] . In 2011, the Sustainable Energy for All initiative was launched by the United Nations to overcome this situation [3] . Finally, in November 2015, universal access to modern energy services, including access to electricity, became the seventh Sustainable Development Goal (SDG 7). Energy, and therefore access to energy, is crucial for achieving almost all SDGs [4] .
The vast majority of the global population, without access to electricity, live in rural communities, mostly in sub-Saharan Africa and Southeast Asia [2] . These households rely on kerosene lamps, candles, and increasingly on battery-run flashlights for lighting [5, 6] . Access to electricity can be achieved by extending the national grid, developing independent community-level grids, or providing individual household solutions (see Figure 1 ). For rural off-grid areas, decentralized energy systems based on renewable energies are crucial to achieving SDG 7 [7] [8] [9] [10] . On a household level, so-called solar home systems (SHS) are a viable option for electrification [11, 12] . An SHS consists of a PV panel, a charge controller, wiring, and a battery. Depending on the system capacity, it provides enough electricity to Note: Households using an solar home system (SHS) as a primary source of access to electricity are referred to as HHSHS, households having a connection to the electricity grid are referred to as HHg, and households without access to electricity are referred to as HH0. Types of electrification addressing access to electricity deficits in rural communities. Products and types of access marked in green are within the scope of this research (based on [14] ).
By the end of 2015, more than five million SHSs were installed globally, with Bangladesh leading the way with 3.6 million installed SHSs at that time [15] . Recently, in countries like India, Ethiopia, Kenya, and Tanzania, SHS industries and markets were established and started to grow rapidly [15] . Additionally, over 40 million solar lanterns were distributed globally in the past years [13, 15] . Off-grid technologies are proliferating rapidly in countries with access to electricity deficits. As households gain access to electricity, they climb up the energy ladder and begin to use more electricity-using products (EuP).
In general, access to electricity is viewed as a positive in terms of poverty alleviation and economic development. Nevertheless, a need for integrated problem-oriented research into the relationships between energy service provision and environmental degradation was identified [16] . Furthermore, environmentally sound management of e-waste is either absent or limited in most developing countries [17] . A recent review on the sustainability of off-grid photovoltaic systems for rural electrification identified a lack of environmental awareness and environmental policies [14] . This led to a situation in Ghana and Ecuador, where nonfunctional off-grid solar products including batteries were being buried somewhere [14] .
From a material perspective, using SHSs results in material stocks of both energy access products (EAPs) and EuPs. According to Directive 2012/19/EU of the European Parliament and of the Council of 4 July 2012 on waste electrical and electronic equipment (WEEE), both EAPs and EuPs fall under the definition of "electrical and electronic equipment" (EEE) and "waste electrical and electronic equipment" [18] . We refer to all electricity-using products in SHS households as EuP SHS . SHSs, including the PV panel, the charge controller, the battery, and the cables to connect the equipment, fall into the category of energy access products. The sum of the EuP SHS s and the EAPs in SHS households is referred to as off-grid solar products. Table 1 shows the reference system for all products found in rural households. Note: Households using an solar home system (SHS) as a primary source of access to electricity are referred to as HH SHS , households having a connection to the electricity grid are referred to as HH g , and households without access to electricity are referred to as HH 0 .
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The United Nations Environment Programme (UNEP) Resource Panel described the quantification of todays and future anthropogenic stocks for nonrenewable resources as one of the key tasks for policymakers and society. "The continued increase in the use of metals over the twentieth century has led to a substantial shift from geological resource base to metal stocks in society. Such a shift raises social, economic, and environmental issues that require quantifying the amount of stock of 'metal capital' utilized by society" [19] .
A prerequisite for developing sustainable waste management solutions following rural electrification scenarios is the ex-ante quantification of in-use stocks and the characterization of the physical properties of items in the stock [20] . Yet, the impact of access to electricity strategies in developing countries on material stocks in societies has not been in the center of scientific research. Information about in-use stocks of EuPs or EAPs in developing countries is scarce and mostly available at the country level or for urban areas.
The "Energy Sector Management Assistance Program" (ESMAP) of the World Bank and the Sustainable Energy for All initiative presented a new measurement approach for access to electricity [21] which includes a detailed classification for the type of access to electricity as well as the related household's possession of EuPs and EAPs. Furthermore, it differentiates between urban and rural households. This consistent approach will help to harmonize datasets of existing and future possession of EuPs and EAPs in rural communities across developing countries. Studies on the access of electricity will be integrated into regular household surveys in developing countries with electrification deficits.
There is little knowledge about the characteristics of in-use stocks in rural communities of developing countries in general, but knowledge related to new energy access pathways are particularly scarce. Nevertheless, ongoing and accelerating rural electrification requires a good understanding of whether the type of access to electricity strategy impacts future end-of-life management challenges. To link this concept of measuring energy access to the quantification of materials stocks associated with energy access pathways requires specific datasets that are, so far not structured. These datasets provide information about the material properties of off-grid solar products resulting in distinctly different in-use stock characteristics. Thus, the objectives of this research are the following:
•
To develop the framework of linking access to electricity metrics with product properties for the assessment of in-use stocks for off-grid solar products and EEE in rural households in developing countries.
To provide empiric datasets to apply a conceptual framework for a case study in Bangladesh.
To demonstrate the impact of the type of access to electricity on the material in-use stocks in rural households of developing countries.
The paper outline is as follows. The introduction provides information about access to electricity pathways, the importance of material stocks for decision-making, and the rationale of the developed methodology. It is followed by a literature review and an introduction to the investigated case study: the SHS program of Bangladesh. This publication presents a specific dataset on EuPs and EAPs possession in rural Bangladesh. Through applying the consistent classification approach to the empiric market survey on the properties of EuPs and EAPs the present and future stocks per household could be calculated. Furthermore, the sensitivity of future growth rates on the total stock is investigated. Conclusions are drawn towards the relevant steps to design proper end-of-life strategies for solar home systems and associated waste flows.
Background

Measuring Access to Energy
The UN Secretary-General's Independent Expert Advisory Group (IEAG) on a Data Revolution for Sustainable Development acknowledged the difficulties of measuring progress towards the Millennium Table 2 . The multitier framework measurement system for access to household electricity supply combined with a multitier framework system for access to household electricity services (based on [21]). 
Rural Electrification and (E-)Waste
Stakeholders involved in electrification address the emerging end-of-life problem mostly in terms of e-waste management. "Lighting Global" published Eco-Design Notes referring to battery toxicity, ecoproduct design, restriction of hazardous substances, and life-cycle management options [25] . The "Global Off-Grid Lighting Association" stressed the importance of extended producer responsibility [26] . Schützeichel [27] proposed that either recycling concepts should be integrated directly into the tender processes or that opinion leaders like the World Bank should put the development of appropriate standards and rules on their agenda. At the fourth Off-Grid Lighting Conference a session was dedicated to "environmental and social sustainability across the value chain", highlighting the overall environmental and social benefits and the remaining challenges in turning the sector into a 100% circular economy [28] . The annual estimated off-grid solar waste generation was around 800 Mg in 2014 or 0.5% of the generated e-waste in 14 African countries [29] . Yet, it was a negligible number.
E-Waste Definition
Up to now, there is no universally accepted definition of e-waste [30] [31] [32] . The Solving the E-waste Problem initiative (STEP), which develops sustainable solutions for e-waste management in developing countries, defines e-waste as follows [31] : "E-Waste is a term used to cover items of all types of electrical and electronic equipment (EEE) and its parts that have been discarded by the owner as waste without the intention of re-use". Furthermore, to classify and assess types and streams of e-waste, the UNU-Keys was developed by the United Nations University [30] . E-waste statistics should categorize products by their characteristics like function, material composition, and related to the end-of-life attributes. Additionally, products within the same category should have a homogeneous average weight and lifespan distribution to simplify quantitative assessments for similar products. Large or environmentally-relevant e-waste products should be assigned separately [30] . This classification approach does not distinguish between EuPs and EAPs used by grid-connected households and/or SHS-using households.
Assessing and Estimating E-Waste Generation
Global e-waste generation is estimated between 20 and 50 million metric tonnes per year [33] [34] [35] . It is considered one of the fastest growing solid waste flows on a global scale [36] . Additionally, trends towards e-mobility including electric vehicles and e-bikes [37] and increasing installations of solar PV contribute to this development [38] . On the other hand, technological innovation can decrease the expected waste-flows by lowering the average weight of devices. Examples are the shift from desktop computers to laptops or liquid crystal displays (LCD)/light-emitting diode (LED) displays in TVs instead of cathode ray tube (CRT) TVs [30] .
E-waste management is an emerging problem of increasing importance in developing and developed countries [35, [39] [40] [41] . For developing countries, it is a business opportunity, given the rising volumes of EEE being generated/imported and the reuse and material value of the EEE [30, 40] . At the same time, informal material recovery, incineration, and improper disposal in landfills poses a serious toxic threat [18, 42, 43] and leads to resource losses [44] .
According to Wang et al. [45] , e-waste estimation methods can be classified into four groups. Firstly, the disposal-related analysis uses data obtained from official collection channels. Secondly, time series analysis extrapolates historical sales data into the future using historic lifespan data to estimate future e-waste generation and was used by References [41, [46] [47] [48] . Thirdly, factor models analyze relationships between factors like population size, income levels, GDP versus e-waste generation and was used in References [34, 49, 50] . The fourth group of estimation methods is input-output analysis and is the most commonly applied methodology to estimate e-waste generation [45] . Domestic flows and exports of used computers in the USA were analyzed [51] . Steubing et al. [52] estimated the waste material from desktops and laptop personal computers in Chile. Andarani and Goto [53] used dynamic material flow analysis and stated that they expected the e-waste generation to triple in the decade from 2015-2035 in Indonesia. Streicher-Porte et al. [54] analyzed the gold and copper flows for obsolete PCs in India and found material flow analysis (MFA) to be a suitable tool for e-waste estimation in the context of limited data. Chancerel and Rotter [55] analyzed the flows of copper and precious metals in e-waste preprocessing plants in Germany. Lam et al. [56] found MFA to be capable of estimating future e-waste generation from televisions, even if the technologies are substituted over time. Additionally, obsolete personal computers from different higher education institutions in developing countries were compared [57] . Lau et al. [58] estimated the WEEE generation of Hong Kong using MFA. Mishima et al. [59] applied material flow analysis to examine strategies for reducing material consumption associated with mobile phone usage and end-of-life management. Hamouda et al. [41] highlighted the lack of consistent data monitoring in developing and emerging countries leading to uncertain information about material stocks and flows.
The growing access to electricity is a process. One of the results of the process is accelerating EAP and EuP ownership and in the long run, e-waste generation. Yet, e-waste estimation methodologies mostly focus on a product level, either for one EuP or a cluster of EuPs. Furthermore, e-waste assessments in developing countries have been mostly carried out for urban areas. Rural communities of developing countries and access to electricity pathways have not been in the focus of the scientific discussion.
Research Trends for Rural Electrification and Off-Grid Energy Systems with a Focus on Environmental Impacts
In recent years, the number of publications regarding off-grid electrification has been growing rapidly. Most literature focuses on the technology and the institutional setting. User-centered research and financial viability are also of interest but are less researched [60] . The few publications on environmental and human health impacts of off-grid electrification indicate positive impacts, depending highly on scenarios for the end-of-life management for batteries [61] , the lifespan of the products, and the institutional and economic success of the electrification programs [14] . Alstone [62] found energy payback times of off-grid lighting technologies between 20 and 50 days and energy return on investment ratios from 10 to 40. Magalini et al. [29] found solar lanterns to be a negligible stream of e-waste in African countries. Furthermore, technologies like battery powered LED-torches and kerosene lamps, among others, are replaced [14] . Stojanovski et al. [63] interviewed SHS adopters and found only a small decrease in spending on dry-cell batteries, as EuPs already in the households were not plug-and-play with the SHS and still in use. Bensch et al. [5] identified battery powered torches as an emerging waste management problem, as they are the default option for lighting in Ruanda and Senegal and latrines are being used for the disposal of the batteries. Furthermore, the quality of the torches sold on rural markets is low, resulting in average lifespans of less than two months [6] . The sustainability potential of the business models for delivering distributed renewable energies was highlighted [64] . Yet, waste management systems or regulation for products like torches and batteries, radios or solar off-grid products, in general, are mostly not in place [14] .
Case Study: Bangladesh and the Local SHS Program
Bangladesh is a low-middle income economy with more than 160 million inhabitants (see Table 3 ). Excluding city-states, it is the country with the highest population density of the world. Yet, around 60 million people are not connected to the national electricity grid. The SHS program started in 2003 as a small-scale World Bank intervention to foster access to electricity for rural households. Intelligent service provision schemes, strong institutions, microfinance, and local technology development resulted in a successful intervention [12] . The SHS program created local PV-panel producers, strengthened the local battery industry, and employs approximately 127,000 people [65, 66] . Notably, environmental impact mitigation was achieved through a prequalification process for technology suppliers, setting environmental and occupational standards in the local battery and solar industry [65] . Price levels for PV panels, batteries, and energy efficient appliance EUPs like LED lamps or LCD TVs decreased rapidly in a few years [67] . As a result, by 2013, the program was financially sustainable and most subsidies were abolished [12] . In July 2016 the number of installed SHSs financed through the program exceeded four million [68] . Additionally, an over-the-counter market for SHSs arose. The total installed off-grid solar capacity, predominantly from SHSs, is 185 MW p [69] . In 2014, around 15% of rural households and 3% of urban households used solar technologies as their primary source of electricity [70] . The goal of the Bangladeshi government is to achieve universal access to electricity by 2021. The target of the SHS program is six million installed SHSs by 2021 [71] . Already in 2010, the first steps regarding the end-of-life management of SHSs were taken and the local SHS program was identified as an emerging source of scrap lead in the national 3-R Strategy [73] . Regarding environmental concerns, the improper disposal of lead-acid batteries, PV panels, and CFL bulbs was highlighted as the most pressing topic [74] .
Information about the formal and informal e-waste management, in-use stocks or even the flows of EEE or e-waste generation in Bangladesh is scarce. In 2014, the per capita e-waste generation of Bangladesh was estimated to be 0.8 kg per capita or 124 Gg [35] . A Bangladeshi NGO estimates the local annual e-waste generation at 1240 Gg, mostly from TVs and household appliances [75] . Furthermore, the shipbreaking industry and illegal imports add significant amounts of e-waste. Most of the e-waste in Bangladesh is sourced from abroad for re-use, repair, and material recovery [76, 77] . Yet, there is only a rudimentary legal framework and inventory for e-waste management in Bangladesh [35, 78, 79] . Additionally, little awareness regarding human health aspects of e-waste management was found [80, 81] . If available, the information is accessible only at the country level or for urban areas.
Materials and Methods
Methodological Approach and Research Design
The quantification methodology for in-use stocks was based on data from access-to-electricity surveys that include information about the household possession of EuPs and EAPs. These surveys provided further information about the capacities of used SHSs. The data from the surveys were compared to data on the household possession of EuPs in rural communities from the World Bank's Demographic and Health Surveys (DHS).
Secondly, an extensive market and literature review regarding off-grid solar product properties was conducted in order to characterize and categorize them. Based on the market research, capacity-specific weights for the EAPs were calculated. This resulted in estimations of the total in-use stocks of EEE at a household level.
In order to determine the impact of the type of access to electricity, the in-use stocks were statistically analyzed. The results are clustered by type of electrification and compared to in-use stocks clustered by tier status and income. Furthermore, the clusters were analyzed by the percentage that each type of EuP and EAP contributes to the total in-use stock of the cluster. Finally, a sensitivity analysis based on different scenarios was conducted. Figure 2 describes the research design. Yet, there is only a rudimentary legal framework and inventory for e-waste management in Bangladesh [35, 78, 79] . Additionally, little awareness regarding human health aspects of e-waste management was found [80, 81] . If available, the information is accessible only at the country level or for urban areas.
Materials and Methods
Methodological Approach and Research Design
Secondly, an extensive market and literature review regarding off-grid solar product properties was conducted in order to characterize and categorize them. Based on the market research, capacityspecific weights for the EAPs were calculated. This resulted in estimations of the total in-use stocks of EEE at a household level.
In order to determine the impact of the type of access to electricity, the in-use stocks were statistically analyzed. The results are clustered by type of electrification and compared to in-use stocks clustered by tier status and income. Furthermore, the clusters were analyzed by the percentage that each type of EuP and EAP contributes to the total in-use stock of the cluster. Finally, a sensitivity analysis based on different scenarios was conducted. Figure 2 describes the research design. 
Used Dataset: Access-to-Electricity Survey in Rural Bangladesh
Access-to-electricity survey data was gratefully provided for this research by Groh et al. [23] . A sample of 231 rural Bangladeshi households was surveyed. Field selection was performed using a top-down methodology. One random district was drawn from the northern, central, and southern Bangladesh areas. The generic underlying questionnaire of the MTF provided by the ESMAP was used (see Supplementary S9). Within the sample, 54 households (HH) had no primary access to electricity (HH0), 110 had SHSs (HHSHS), 69 were grid-connected (HHg), 5 used diesel, and 5 used other technologies. Eleven households of the sample reported having an SHS and access to the grid (HHSHS+g). The tier status of the households was retrieved from the same survey (see Supplementary S3). Access to electricity in rural areas in Bangladesh was 51% in 2014 (see Table 3 ) but only 29.8% in the survey. Furthermore, the SHSs are overrepresented. The selected districts had lower access to electricity rates than the average rural communities. Thus, the sample itself is not representative of rural Bangladesh as a whole. Yet, the selected districts are areas where rural electrification took place in recent years. In order to validate the results, information about the possession of EEE was 
Access-to-electricity survey data was gratefully provided for this research by Groh et al. [23] . A sample of 231 rural Bangladeshi households was surveyed. Field selection was performed using a top-down methodology. One random district was drawn from the northern, central, and southern Bangladesh areas. The generic underlying questionnaire of the MTF provided by the ESMAP was used (see Supplementary S9). Within the sample, 54 households (HH) had no primary access to electricity (HH 0 ), 110 had SHSs (HH SHS ), 69 were grid-connected (HH g ), 5 used diesel, and 5 used other technologies. Eleven households of the sample reported having an SHS and access to the grid (HH SHS+g ). The tier status of the households was retrieved from the same survey (see Supplementary S3 ). Access to electricity in rural areas in Bangladesh was 51% in 2014 (see Table 3) but only 29.8% in the survey. Furthermore, the SHSs are overrepresented. The selected districts had lower access to electricity rates than the average rural communities. Thus, the sample itself is not representative of rural Bangladesh as a whole. Yet, the selected districts are areas where rural electrification took place in recent years. In order to validate the results, information about the possession of EEE was compared to DHS surveys [70,82-84].
Data Collection Weights of EEE and Categorization and Characterization for Off-Grid Solar Products
Literature values for the average weight were retrieved from the Global E-Waste Monitor [30, 35] and compared to [34, 75, 85] for HH g . Data for off-grid solar products were collected by an extensive market research including the product catalog of the off-grid solar product retailer (www.phaesun.com) and a database for off-grid solar products (http://sendea.biz/) which links to the company homepages of off-grid solar distributors. All detailed datasets regarding off-grid solar products properties can be found in the supplementary materials (see Supplementary S4) . The categorization of off-grid solar products is finally discussed.
Calculation of the In-Use Stocks of EEE and Off-Grid Solar Products
The in-use stocks are calculated on an individual HH basis and expressed in kg/HH. A list of all assumptions can be found in the supplementary material (see Supplementary S7). The in-use stocks for SHS households m SHS were calculated by multiplying the number of EuP SHS n j by the average weight m j of the EuP SHS . The average weight of EuP SHS m j was calculated based on the values from the market research. Furthermore, the weight of the EAP m(c) SHS and one cable for every EuP SHS in use m w is added.
The mass of the EAP m(c) SHS is the sum of the weights of the PV panel m(c) pv , the battery m(c) batt , the charge controller m CC , and the wiring m wSHS (see Equation (2)). m(c) pv and m(c) batt depend on the capacity of the SHS. The capacity specific weight of PV panels and batteries was calculated by linear regression based on datasets from the market research (PV panel n pv = 70; battery n batt = 113; see Supplementary S5) in order to determine the coefficients for Equations (3) and (4) . The capacity of the battery is between 1 and 1.5 times the capacity of the PV panel [86, 87] . The chosen parameter for the modeling was 1.25.
The in-use stocks for HH not having an SHS m hh were calculated by multiplying the number of EuPs n i with the average weight m i of the EuPs. Furthermore, for any EuP found in an HH, a cable m w is added to the in-use stock (see Equation (5)):
The in-use stocks for HH being connected to the grid and owning SHS m hhSHS+g are the sum of the stocks m hh and m hhSHS : m hhSHS+g = m hh + m hhSHS
Statistical Analysis
In order to analyze the impact of the type of access to electricity, the results are clustered by the type of electrification (no primary access, SHS, and grid). Furthermore, the results by type of electrification are compared to results clustered by the Tier status (Tiers 0-5) and the income quantiles of the households. Access to electricity and the diffusion of off-grid solar technologies are highly dynamic processes. Thus, the robustness of the aggregated results for the in-use stocks is tested by a variation of single parameters. The variation is based on scenarios of changing patterns that have been already observed in the given context. Table 4 . The only EuPs being found universally in the sample are mobile phones. Furthermore, all households with access to electricity have electric lighting systems. Within the 10 households categorized as other, one household has a grid connection and is using a diesel generator. Thus, the sum of the connections is higher than the total number of assessed households. Households not having a grid connection or an SHS were excluded from the analysis as the sample size was too small. Based on the low possession of EuPs for HH g and HH SHS , it can be assumed that HH 0 does not possess any EuPs in significant numbers. The normalized data refer to 51% with a grid connection, 15% with an SHS, and 34% without access to electricity, representing the access-to-electricity rates in rural Bangladesh. Table 4 . Household possession (at least one) of electricity-using products (EuPs) over the type of electrification (in percentages). The possession of EuPs of households without access to electricity was assumed to be zero. The normalized data refer to 51% with a grid connection, 15% with an SHS, and 34% without access to electricity [70] . 
Results
Household Possession
4.1.1. Household Possession of EuPs and EAPs The possession of EuPs and EAPs is very low in rural Bangladesh. None of the HHs possess an electric cooking system, washing machine, dishwasher, printer, air conditioning system, electric food processor, radio, DVD-player, water heater, electric hair dryer, microwave, toaster, or any other EuP mentioned in
Household
As within the complete sample, the possession of EuP SHS and EAPs in HH SHS is very low. The two most common EuP SHS are electric fans and phone chargers. Still, 59% of the SHS users charge their mobile phones outside of their homes. Less than 15% of HH SHS possessed a TV and most of them that did, own a small black and white CRT TV [88] . Only one HH SHS possessed a color TV. The lack of EuP SHS ownership can be explained by two factors. Firstly, the operating current of an SHS is 12 V DC, limiting the availability of EuP SHS . Secondly, the power output of an SHS is limited [63] .
Consequently, heat exchanging EuP SHS like a refrigerator, iron, or a rice cooker are currently hardly available for SHSs.
Compared to HH SHS, grid-connected HH g have higher access to EuPs. All HH g have access to lighting technologies, 74% have access to electric fans, and 32% possess a TV at home. Only 12% possess a refrigerator, 5% a computer, and few have a rice cooker, iron, or a sound box. Other high EuP g were not found in HH g . Eleven households have an SHS and grid connection. The sample size in the case of HH SHS+g is small but indicates that households either keep their SHSs when the grid arrives or pay for an SHS even when they are grid-connected.
There are two differences between HH SHS and HH g . The vast majority of black and white TVs are found in HH SHS , whereas grid-connected households largely own color TVs (see Table 4 ). For recently installed SHSs however, the results differ, as TVs being distributed with SHSs are nowadays exclusively LED or LCD color TVs (see Supplementary S1). Incandescent light bulbs are not found in HH SHS , whereas over 15% of HH g use these for lighting. Interestingly, the most expensive lighting technology (LEDs) is almost exclusively found in HH SHS (see Figure 3) . CFL tube lights are predominantly found in HH SHS , whereas CFL light bulbs dominate the grid-connected households. The motivation for energy efficiency has two drivers. Firstly, energy efficient EuP SHS lead to smaller SHS capacities and thus lower investment costs for an SHS. Secondly, existing SHSs will be able to deliver more energy services through increasingly energy efficient EuP SHS . New SHS universally use LED as the lighting technology (see Supplementary S1). Consequently, CFL technology for HH SHS will be phased out in the long run. HHSHS, whereas over 15% of HHg use these for lighting. Interestingly, the most expensive lighting technology (LEDs) is almost exclusively found in HHSHS (see Figure 3) . CFL tube lights are predominantly found in HHSHS, whereas CFL light bulbs dominate the grid-connected households. The motivation for energy efficiency has two drivers. Firstly, energy efficient EuPSHS lead to smaller SHS capacities and thus lower investment costs for an SHS. Secondly, existing SHSs will be able to deliver more energy services through increasingly energy efficient EuPSHS. New SHS universally use LED as the lighting technology (see Supplementary S1). Consequently, CFL technology for HHSHS will be phased out in the long run. The number of lighting points over the type of lighting point found in households using a solar home system (SHS) as a primary source of access to electricity (HHSHS), households having a connection to the electricity grid (HHg), and households using a SHS and a connection to the electricity grid (HHSHS+g). More than one lighting point per household is possible.
Household Possession of EuPs Based on the Demographic and Health Surveys
The last four demographic and health surveys include aggregated representative data about household possession of EuPs for rural and urban areas in Bangladesh [70, [82] [83] [84] . The quantity of data, as well as the possession of EuPSHS, increased over time (see Table 5 ). Mobile phone possession in rural Bangladesh grew from 1.8% to 86.7% from 2004 to 2014. TV possession in rural Bangladesh doubled in the same time. However, only one-third of rural households possess at least one TV, half of them an electric fan and only 12.3% own a refrigerator. Computer possession and usage in rural Bangladesh is still in the single digits. Furthermore, the EuPs ownership by large households in Bangladesh remains very low and limited to very basic services. In the used access-to-electricity dataset, less high electricity-using products like refrigerators or TVs are found. This was expected as the surveyed households are in areas with lower than average rural access to electricity rates [23] . The number of lighting points over the type of lighting point found in households using a solar home system (SHS) as a primary source of access to electricity (HH SHS ), households having a connection to the electricity grid (HH g ), and households using a SHS and a connection to the electricity grid (HH SHS+g ). More than one lighting point per household is possible.
The last four demographic and health surveys include aggregated representative data about household possession of EuPs for rural and urban areas in Bangladesh [70, [82] [83] [84] . The quantity of data, as well as the possession of EuP SHS , increased over time (see Table 5 ). Mobile phone possession in rural Bangladesh grew from 1.8% to 86.7% from 2004 to 2014. TV possession in rural Bangladesh doubled in the same time. However, only one-third of rural households possess at least one TV, half of them an electric fan and only 12.3% own a refrigerator. Computer possession and usage in rural Bangladesh is still in the single digits. Furthermore, the EuPs ownership by large households in Bangladesh remains very low and limited to very basic services. In the used access-to-electricity dataset, less high electricity-using products like refrigerators or TVs are found. This was expected as the surveyed households are in areas with lower than average rural access to electricity rates [23] . The normalized data of the access to energy survey fit most of the DHS survey data for low energy consuming appliances (compare Table 4 ). 
* No differentiation between mobile telephones and none-mobile telephones.
Material Properties of Off-Grid Solar Products
Off-grid solar products are significantly lighter than regular EuPs (see Table 6 ). An average LCD or LED TV for off-grid solar systems weighs 3.2 kg, whereas TVs for on-grid purposes with the same technology have an average weight between 7.9 kg and 14.3 kg. For radios, the difference is even higher. The availability of off-grid solar products in rural Bangladesh is currently limited to lighting technologies, electric fans, and TVs. The calculated weight of the PV panel for a small (15 W p ), medium (50 W p ) or large SHS (110 W p ) is 1.9 kg, 4.7 kg, or 9.5 kg, respectively. Depending on the capacity of the SHS, it is between one-tenth and less than half of the weight of the literature values for PV panels. Refrigerators will be available soon. In most cases, DC fridges will be distributed with an additional PV panel. Like for all other products, the average weight is significantly lower than the literature values.
In-Use Stocks of EuPs and EAPs
The in-use stocks of EuPs and EAPs within the surveyed sample are very low. The median possession of EEE is 14.1 kg per HH or around 3 kg per capita (see Figure 4) . It is less than half the weight of a refrigerator. The few households with stocks above 100 kg are statistical outliers. These outliers possess a lot in the given context, but very little compared to western households [89] . The median in-use stock of HH g is 7.1 kg, thus inclusive of some lighting equipment and some small equipment like a fan or a rice cooker. Of the HH g , 36% use the grid just for lighting and mobile phone charging. Based on the possession of EuP g , recently electrified HH g should contribute very little to local e-waste generation as the in-use stocks of EuP g are very low. Table 6 . The average weight of off-grid solar products based on market research data compared to literature values for electrical and electronic equipment (EEE)/(electricity-using products in grid-connected households) EuP g . (3) and (4) and Supplementary S5). Off-grid solar products without a direct attribution to an UNU-Key are marked with a question mark (?).
The median in-use stock of HH SHS is 25.1 kg. Even though the possession of EuP SHS for HH SHS is lower than for HH g , the median in-use stocks are three times higher. Yet, the average in-use stocks of HH g (21.3 kg) and HH SHS (27.0 kg) are within the same range. Within the cluster of SHS, the main difference between in-use stocks is the capacity of the SHS. It has two impacts: firstly it defines the weight of the SHS predominantly by the battery. Secondly, the capacity determines the possible EuP SHS to be used. The SHS with a capacity of 20 W p is the most frequently used SHS. The median capacity is 43 W p , and SHSs between 40 and 50 W p stand for around 45% of the sample. Only 20% of the households possess large SHSs (>50 W p ) (see Supplementary S6). The higher average in-use stocks for HH SHS are caused by the internalization of the EAPs to the household's in-use stocks. From that perspective, rural electrification is not different from going off the grid in developed countries. The 2.3 kW p Smartflower pop + off-grid, "the world's first all-in-one solar system" or a first world SHS, has a product weight of 800 kg [90] . An average western European HH possesses around 650 kg of EEE [89] , adding the 800 kg of an SHS would more than double the in-use stocks. Going off-the-grid as well as getting access to off-grid solutions is more material intensive on a household level than being on-grid.
weight Figure 4 . Box-plots of in-use stocks of electricity-using products in grid-connected households (EuPg) in kg of grid-connected households, in-use stocks of electricity-using products in solar home system (SHS) households (EuPSHS) and electricity-access products (EAPs) for households with an SHS, and households with grid connection and SHSs. The in-use stocks include all parts of the SHS. * The household with the highest in-use stock is connected to a diesel generator.
The median in-use stock of HHSHS is 25.1 kg. Even though the possession of EuPSHS for HHSHS is lower than for HHg, the median in-use stocks are three times higher. Yet, the average in-use stocks of HHg (21.3 kg) and HHSHS (27.0 kg) are within the same range. Within the cluster of SHS, the main difference between in-use stocks is the capacity of the SHS. It has two impacts: firstly it defines the weight of the SHS predominantly by the battery. Secondly, the capacity determines the possible EuPSHS to be used. The SHS with a capacity of 20 Wp is the most frequently used SHS. The median capacity is 43 Wp, and SHSs between 40 and 50 Wp stand for around 45% of the sample. Only 20% of the households possess large SHSs (>50 Wp) (see Supplementary S6). The higher average in-use stocks for HHSHS are caused by the internalization of the EAPs to the household's in-use stocks. From that perspective, rural electrification is not different from going off the grid in developed countries. The 2.3 kWp Smartflower pop + off-grid, "the world's first all-in-one solar system" or a first world SHS, has a product weight of 800 kg [90] . An average western European HH possesses around 650 kg of EEE [89] , adding the 800 kg of an SHS would more than double the in-use stocks. Going off-the-grid as well as getting access to off-grid solutions is more material intensive on a household level than being on-grid.
The highest in-use stocks are found in HHSHS+g. Double or even triple infrastructures exist, as no source of electricity supply can fulfill all the energy needs of HHs. The grid faces power outages but offers the capacity to use high EuPs like refrigerators. The possession of an SHS guarantees lighting, Figure 4 . Box-plots of in-use stocks of electricity-using products in grid-connected households (EuP g ) in kg of grid-connected households, in-use stocks of electricity-using products in solar home system (SHS) households (EuP SHS ) and electricity-access products (EAPs) for households with an SHS, and households with grid connection and SHSs. The in-use stocks include all parts of the SHS. * The household with the highest in-use stock is connected to a diesel generator.
The highest in-use stocks are found in HH SHS+g . Double or even triple infrastructures exist, as no source of electricity supply can fulfill all the energy needs of HHs. The grid faces power outages but offers the capacity to use high EuPs like refrigerators. The possession of an SHS guarantees lighting, TV usage, Fan usage, and mobile phone charging at any time. The HH with the highest in-use stock is connected to a diesel grid.
Additionally, the results were clustered by three types of tier status and the HHs' income (see Supplementary S8). The households with the highest in-use stocks were classified in all algorithms as Tier 1 or Tier 2. The algorithms of the MTF are sensitive to some parameters. Power outages during evening hours led directly to a Tier 1 classification. Furthermore, based on EuP ownership, a household possessing several TVs and fans, but no additional EuP cannot be classified higher than Tier 2. The appliance ownership algorithm, in this case, measures the heterogeneity of the household's access to EuPs. For household income, the results were inconsistent for the maximum values, as the highest in-use stock was found within the lowest income group (see Supplementary S8).
Statistical Analysis of the In-Use Stocks Calculations
Analysis of the In-Use Stocks Composition
The composition of in-use stocks was analyzed for different clusters (HH g , HH SHS , HH SHS+g , tier status 0-3, and normalized). In all these clusters, only 3-4 EAPs or EuPs make up for around 90% of the in-use stocks (see Table 7 ). Mobile phone usage is almost universal in rural communities in Bangladesh. On a weight basis, the in-use stocks of mobile phones are marginal and between 0.5% and 1.2% (see Figure 5 ). Only 15% of the HH g possess a refrigerator. Nevertheless, refrigerators account for almost 40% of the in-use stocks of HH g . Adding the in-use stocks of TVs and fans leads to the total in-use stocks of EuP g of more than 90%.
Households using off-grid solar products have significantly different properties of in-use stocks than grid-connected households (see Figure 5 ). In the case of HH SHS , more than 80% of the in-use stocks result from the EAPs. TVs and fans have a share of just 4.1% and 4.9% respectively. Newly installed SHSs will have slightly different properties, as most of the households will have TVs.
Even for HH SHS+g the EAP has a share of over 50% of the in-use stocks. HH SHS qualify for at most a Tier 1 or Tier 2 status. Thus, the in-use stocks mostly consist of the SHS. In-use stocks of Tier 3 households comprise of the same three product categories that determine in-use stocks of HH g (see Figure 5b ). The normalized sample for rural Bangladesh includes just 15% of HH SHS , yet the battery alone contributes to 18.1% of the total in-use stocks. If all parts of the SHS are included the in-use stocks contribute to 23%. Just 8% of the households in the normalized case possess a refrigerator; nevertheless, it results in a 28.7% share of the in-use stocks (see Figure 5c ).
Sensitivity Analysis of the Results
The change in the possession of EuPs in rural Bangladesh is highly dynamic (see Table 5 ). It took just a decade for rural households to achieve almost universal access to mobile phones. Additionally, from 2007 to 2014, the possession of refrigerators doubled three times and grew from 2.5% to 12.3% in rural Bangladesh. If it doubles just twice within the next seven years, 50% of the HH g will possess a refrigerator. In that case, the in-use stocks for the normalized sample HH would grow by 66.9% (see Table 8 ). The diffusion rate of SHS is highly dynamic. Within 10 years the percentage of rural HH using solar products as their primary energy source rose from 0 to 15%. Table with the percentages of the in-use stocks in different clusters. All EuPs with a share lower than 5% were grouped into the "Other" category. The "Other" category varies between the different clusters. Table with the percentages of the in-use stocks in different clusters. All EuPs with a share lower than 5% were grouped into the "Other" category. The "Other" category varies between the different clusters.
Excluding the single biggest EuP g from the HH g lowers even the normalized average by 28.7%. Excluding the lead-acid batteries changes the normalized results by 18.1% and for HH SHS by 66.7%. Thus, for estimating in-use stocks of HH SHS , the battery technology is by far the most important parameter. In the scenario where half of the HH g possess a refrigerator, the total in-use stocks nearly doubles and even the normalized in-use stocks would grow by two-thirds. Furthermore, especially for HH g , the in-use stocks of the top 25% of households should be analyzed, as they nearly possess 60% of the total in-use stocks.
Discussion
Dimension of the SHS Program for Stocks and Flows of EEE in Bangladesh
Within the sample, the average in-use stock of HH SHS is 27.0 kg (SD = 12.0 kg, see Figure 5 ). The 4 million SHSs in Bangladesh by the end of 2016 result in a total in-use stock of SHS of 108 Gg (SD = 48 Gg). To achieve the goal of 6 million SHSs by 2021, 500,000 SHSs have to be installed annually, resulting in an annual addition to the stock by 13.5 Gg (SD = 6 Gg). In 2012, it was estimated that 208 Gg of EEE was put on the market or 1.4 kg per capita [91] . On a weight basis, the SHS program already adds around 6% to this number. Thus, the SHS program of Bangladesh already has a measurable impact on the EEE market, if off-grid solar products are categorized as EEE. Furthermore, the material flows in Bangladesh, a country with the highest diffusion rate of SHS in the world, are significantly higher than for the 14 Energy Africa countries [29] . Similar findings are to be expected in all countries, where significant shares of access to electricity are provided by SHSs.
Waste Categorization for Off-Grid Solar Products
Most off-grid solar products are developed for the SHS ecosystem and have limitations in the given context [63] . Distributors provide for example LEDs integrated into the lampshade connected to the cable. By function, they should be categorized into the lamps category. Charge controllers are difficult to classify because in function they are similar to converters. For small SHSs it is even more complicated, as charge controllers are integrated into the batteries-mostly lithium-ion or lithium iron phosphate batteries-and referred to as "control boxes". A control box could be classified as an external battery. Nowadays, in the SHS program of Bangladesh, external lead-acid batteries are universally used. As long as there is no change in the technology, the batteries for the SHS program would be in the hazardous waste category. PV panels are categorized as large equipment, which is not the right category for panels for small and medium SHSs.
The Owner Perspective of Nonfunctional EuP SHS and EAPs as E-Waste
Owners of nonfunctional EuPs and EAPS in the given context have a preference for repairing, replacing or selling nonfunctional appliances. If a component of the SHS fails, the household loses its access to electricity. As most SHSs are distributed on microcredits, nonfunctional systems result in a credit risk for the distributor. Thus, both owner and distributor have an incentive to replace, repair, and reuse, leading to comparatively long lifespans of off-grid solar products. Evidence for the most valuable part, the lead-acid batteries, is available in rural Bangladesh. Over 90% of warranty-expired batteries have not been changed during the warranty period. The formal warranty scheme of the Bangladeshi SHS program offers a 24% discount on a new battery if the old one is handed in [92] . Of the batteries being changed, the informal sector has a market share of around 50% [93] . Thus, some SHS owners are experienced in selling nonfunctional EAPs to the informal sector. Yet, there is no information available regarding the charge controllers, PV panels, wiring, or other EuP SHS . Similar preferences can be assumed, as it either guarantees the functionality of the SHS or results in revenues for the households. Contrary to the definition of e-waste, nonfunctional off-grid solar products or EEE in the given context are most likely not discarded as waste by the owners.
Limitations of the Research and the Methodology
The importance of the type of access to electricity for in-use stocks of EEE in rural communities with access to electricity deficits was highlighted. The used dataset was not representative for rural Bangladesh as a whole, as the selected areas have a lower access-to-electricity rate than average rural Bangladesh. Results based on the used dataset for the normalized household underestimates the in-use stocks for rural Bangladesh, as the possession of large household appliances is lower than the average from the DHS studies. Furthermore, in the total dataset, SHSs were overrepresented. The share of the in-use stocks in Tier 1 and Tier 2 grouped households is dominated by SHSs, as SHSs cannot be classified higher than Tier 2. This leads to a slightly declining average of in-use stocks with higher tier statuses (see Figure 5 ). This may not be the case for datasets with lower shares of SHSs.
Conclusions and Outlook
The presented methodology allows an assessment of in-use stocks for off-grid solar products and EEE for rural communities in developing countries based on energy access data. The impact of the type of access-to-electricity was highlighted by clustering and statistically analyzing the in-use stocks. A share of just 15% of households using SHS results on a weight basis in 23% of the total in-use stocks. Even though, the average weights of off-grid solar products are significantly lower than for regular EuPs and EEE.
More than 90% of the in-use stocks of the different clusters can be assigned to four EuPs or EAPs. If the grid is extended, the waste management challenges remain the same and should focus on refrigerators, TVs, and fans. If significant shares of distributed renewable energies are planned, households use different EuPs and possess additionally comparatively heavy EAPs at home. Within the cluster of HH SHS the capacity of the SHS is the main factor to determine in-use stocks.
Future research regarding off-grid electrification could focus on the estimation of material stocks being required for universal access to electricity depending on different access to electricity strategies. Furthermore, the impact of the business model used to distribute off-grid solar products or EEE could be studied. Additionally, environmental impacts of different types of access to electricity could be analyzed. Last but not least, the user perspective on nonfunctional off-grid solar products and EEE could be studied.
